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PolycombThe left–right (LR) axis is essential for the proper function of internal organs. In mammals and ﬁsh, left-sided
Nodal expression governs LR patterning. Here, we show that the Polycomb group protein Ezh1, which is
highly conserved from ﬁsh to human, participates in LR patterning. Knockdown of olezh1, a medaka
homologue of Ezh1, led to LR reversal of internal organs. It was shown that OLEZH1 acts in silencing the
expression of Spaw (a medaka homolog of Nodal) via a previously unknown pathway. Furthermore,
coimmunoprecipitation showed physical interaction of Ezh1 with FoxH1, a Nodal regulator. This represents a
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The body axes are essential morphogenetic information in higher
animals with three-dimensional structure. The left–right (LR) axis
deﬁnes the asymmetry in the position and structure of most of the
internal organs (Shiratori and Hamada, 2006), and disturbance of this
asymmetry can lead to serious congenital diseases (Peeters and
Devriendt, 2006). In mammals, the initial event in LR axis determi-
nation is leftward ﬂuid ﬂow generated by unidirectional rotation of
cilia on the node epithelium, followed by the induction of Nodal
expression only in the left lateral plate mesoderm (LPM) (Nonaka
et al., 1998; Meno et al., 1998; Nonaka et al., 2002). Nodal serves as a
master gene and governs a cascade of asymmetric gene expression
mediated by the transcription factor FoxH1 (FAST2). Genes such as
Lefty2, Pitx2 and Nodal are also activated by Nodal signaling through
FoxH1 binding in the left LPM (Saijoh et al., 2000; Shiratori et al.,
2001), and their activation subsequently leads to proper organogen-
esis along the LR axis (Lu et al., 1999; Meno et al., 2001). In these
processes, Nodal activity must be restricted to the left side of the body.
To achieve this, expression of Nodal antagonists Lefty1 and Lefty2 is
induced by Nodal signaling in the midline and left LPM, respectively,
thereby generating a negative regulatory loop (Meno et al., 2001;
Yamamoto et al., 2003; Nakamura et al., 2006). Another Nodalantagonist, Cerl-2, blocks rightward leakage of the signal in the
perinodal region (Marques et al., 2004), and BMP signaling also blocks
expression of Nodal (Furtado et al., 2008). Disturbance of these
circuits causes bilateral expression of Nodal and results in abnormal
LR patterning (Meno et al., 1998, 2001; Marques et al., 2004; Furtado
et al., 2008).
Polycomb group (PcG) proteins are key players in epigenetic
regulation of developmental processes (Sparmann and van Lohuizen,
2006; Simon and Kingston, 2009). InDrosophila, E(z), Esc, and Su(z)12
constitute the core of Polycomb repressive complex 2 (PRC2), which
maintains the repressed states of target genes such as homeotic genes
(Müller et al., 2002). This repression is achieved through methylation
of histone H3 at lysine 27 (H3K27) catalyzed by the SET domain of E
(z), a conserved domain for histone methylation (Dillon et al., 2005).
Mammals have two E(z) orthologs, Ezh1 and Ezh2 (Laible et al., 1997),
and molecular and biochemical characterizations have shown that
Ezh2 is a counterpart of Drosophila E(z) (Cao and Zhang, 2004). Ezh2
in cooperation with other PRC2 members plays a critical role in
development, tumorigenesis, cell proliferation, and stem cell mainte-
nance (Sparmann and van Lohuizen, 2006). In contrast, little is known
about the biological role of Ezh1. Recently, Shen et al. reported that
Ezh1 acts in histone methylation, particularly H3K27 monomethyla-
tion, while Margueron et al. showed direct involvement of Ezh1 in
compacting chromatin structure (Shen et al., 2008; Margueron et al.,
2008). Both groups demonstrated the existence of an Ezh1-containing
PRC2, indicating involvement of Ezh1 in an unprecedented type of PcG
regulation. There are limited reports on the occurrence of the Ezh1
gene in other species, some with in silico studies only (Whitcomb
et al., 2007).
Here, we ﬁrst present a phylogenetic analysis of Ezh1 with a focus
on the SET domain. We then show a critical role of Ezh1 in LR
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showed that Ezh1 participates in LR patterning via repression of Nodal
expression, possibly through interaction with FoxH1. This is the ﬁrst
evidence for a developmental role for Ezh1, a PcG protein of unknown
function.
Materials and methods
Fish
Wild type embryos of the HO4C strain of medaka (O. latipes) were
used in all experiments. Developmental stages were determined
based on criteria in Iwamatsu (2004).
Morpholino microinjection
Morpholino antisense oligos (MOs) were purchased from Gene
Tools, LLT. Doses and sequences of MOs are given in the supplemen-
tary information. Dead morphants (5–10%) were excluded from the
statistics.
Whole-mount in situ hybridization
This procedure was carried out as described previously (Hojo et al.,
2007). Spaw and Lefty cDNA were kindly provided by Dr. Czerny, and
charon cDNA was kindly provided by Dr. Takeda.
Coimmunoprecipitation
Mouse Ezh1 or FAST2 subcloned into a pEF-BOS vector, or an
empty pEF-BOS vector, was introduced into NIH3T3 cells with
Lipofectamine 2000 according to the manufacturer's instructions.
Two days after transfection, the nuclear fraction was lysed in TNE
buffer (10 mM Tris-Cl [pH 8.0], 0.15 M NaCl, 1 mM EDTA, 1% Nonidet
P-40) containing protease inhibitor cocktail (Sigma). The nuclear
lysate was pre-cleared with protein G-Agarose (Roche), followed by
incubation with protein G-Agarose and M2 FLAG antibody (Sigma) or
normal mouse IgG (Santa Cruz). Immunoprecipitate was washed
three times in TNE buffer, eluted with SDS sample buffer, and
analyzed by western blotting.
KV ablation
Medaka KV was ablated as described previously (Hojo et al., 2007)
with minor modiﬁcations. The operation was performed at the 2–4
somite stage and ﬁxed at the 6 somite stage for in situ hybridization.
Results and discussion
Ezh1 is conserved from ﬁsh to human
Previously, we isolated a medaka homolog of E(z), termed olezh2
(O. latipes ezh2), that is structurally similar to and functionally
cooperative with oleed, a medaka homolog of esc (Shindo et al., 2005).
During the course of cDNA screening, we found another cDNA clone,
tentatively termed olezh1, that was homologous with E(z) (Fig. S1). A
genomic survey using the UCSC genome browser did not reveal any
other E(z)-like clones (data not shown). Consistent with zebraﬁsh and
chicken, these results indicate that medaka has two orthologs of E(z)
(Whitcomb et al., 2007). In the teleost lineage, several genes are
known to be duplicated in the course of whole genome duplication
(Furutani-Seiki and Wittbrodt, 2004). Accordingly, the two ﬁsh E(z)
genes may have been generated by gene duplication from a single
ancestral gene. If this holds true, mammalian Ezh1 and Ezh2 could
have arisen evolutionarily at a much later stage. To examine whether
olezh1 corresponds to an ortholog of Ezh1, we ﬁrst compared thestructure of OLEZH1 protein with human EZH1 and EZH2. A
phylogenetic tree showed that the medaka protein was more similar
to EZH1 than EZH2 (Fig. S2A, B), and conservation of synteny between
olezh1 and human EZH1 (and between olezh2 and human EZH2) was
apparent (Fig. S2C). Therefore, we concluded that the newly identiﬁed
gene, olezhl, is a bona ﬁde ortholog of mammalian Ezh1.
To examine the evolutionary conservation of E(z) genes, we
explored Ezh1 orthologs in other species. A gene predicted to be Ezh1
is also present in the genome of Xenopus tropicalis (Ensembl
Transcript ID: ENSXETT00000043568, Fig. S1). As expected, Xenopus
and chicken Ezh1 belong to the Ezh1 group (Fig. S2A, B). A
comparative survey of SET domains encoded by human, chicken,
and Xenopus Ezh1-type genes revealed 7 conserved amino acid
residues, whereas no such conservation was found in any Ezh2 gene.
Five of the 7 residues are conserved in OLEZH1, making it likely that
these residues constitute speciﬁc mode of function of Ezh1 in
mammals and other species (Margueron et al., 2008) (Fig. S1). Four
motifs that are conserved among E(z) and other SET domain proteins
are also conserved in these proteins (Dillon et al., 2005) (Fig. S1). A
further survey using the UCSC genome browser showed that green
anole, Anolis carolinensis, also has two genes that may correspond to
Ezh1 and Ezh2 (ENSACAT00000014407 and ENSACAT00000014125).
In contrast, only one E(z)-type gene was found in lancelet,
Branchiostoma ﬂoridae, and lamprey, Petromyzon marinus (data not
shown). Overall, these comparative studies indicate that an ancestral
gene of Ezh1 appeared before divergence of teleosts and tetrapods
approximately 400 million years ago. During the course of evolution,
one of the duplicated genes is often deleted once it is functionally
redundant (Furutani-Seiki and Wittbrodt, 2004). However, our study
shows that Ezh1 is present in teleosts, amphibians, reptiles, aves, and
mammals, and the extensive conservation of Ezh1 genes over
hundreds of millions of years, particularly in the SET domain, suggests
that Ezh1 plays an essential role that is not fulﬁlled by Ezh2.
Knockdown of olezh1 results in left–right reversal of organs
To examine the functional role of olezh1 in embryonic develop-
ment, we performed morpholino antisense oligo (MO)-mediated
gene knockdown. The olezh1 MO-injected embryos, termed olezh1
morphants, displayed various defects at ﬁrst glance, including
hypoplasia of multiple internal organs, short body length, and
cyclopia. On closer inspection, however, the olezh1 morphants had
abnormal LR patterning.We focused on the LR defects since they were
observed at a higher frequency and were evident even in morphants
without other apparent defects. In 24% of olezh1 morphants, the
positions of the internal organs, including the spleen, swimbladder,
gallbladder and liver, were reversed along the LR axis (n=129,
Fig. 1C, D). The heart tube of the LR-reversedmorphants also looped in
an opposite direction (Fig. 1A, B) or was formed incompletely, making
it hard to distinguish LR polarity (data not shown). Two MOs that
interfere with translation and splicing of olezh1 mRNA, respectively,
caused LR reversal in a similar fashion, whereas a control MO with a
sequence unrelated to olezh1 had no effect on LR patterning (Fig. S3).
These data support the contention that the LR defects were due
neither to off-target nor non-speciﬁc effects of MOs, and indicate that
OLEZH1 is required for proper LR patterning.
The initial left-side marker gene Spaw is derepressed in the
right LPM
The process for establishment of the LR axis is largely conserved
between ﬁsh and mammals (Hirokawa et al., 2006). We ﬁrst
examined expression of Spaw, a functional homolog of Nodal in ﬁsh
and a known initial left-side marker gene (Soroldoni et al., 2007).
Medaka Spaw is expressed in the left LPM in the 6 somite stage
(Fig. 2A). Upon knockdown of olezh1, 33% of the morphants displayed
Fig. 2. Expression of Spaw and genes encoding its antagonists. (A, B) Whole-mount in
situ hybridization for Spaw. Arrowheads indicates Spaw expression in the LPM. (C)
Ratio of the respective expression patterns in olezh1 morphants. (D, E) Simultaneous
expression of Spaw and Lefty. olezh1 morphants were divided into defective (def) or
intact based on the expression of Lefty in the midline. (F) The number of morphants
with each pattern of Spaw expression. (G, H) Whole-mount in situ hybridization of
charon. All embryos were observed at the 6 somite stage from the dorsal side with
anterior towards the top.
Fig. 1. Left–right reversal of internal organs in olezh1morphants. (A, B) Frontal views of
wild type embryo (A) and olezh1 MO1 morphant (B) at 8 days post-fertilization (dpf).
The looped heart tube is represented by red lines. (C, D) Dorsal views of the same
embryos. Red, purple, yellow, and light-blue arrows indicate the spleen, swimbladder,
gallbladder and liver, respectively.
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expression, and the rest showed right-sided expression (n=48,
Fig. 2B, C). These data indicate that derepression of Spaw in the right
LPM is a major effect of olezh1 knockdown, and that the resultant
bilateral Spaw expression leads to LR reversal. Right-restricted
expression of Spaw was observed in less than 10% of the morphants,
which may be due to a minor irregularity of knockdown.
To examine the basis of bilateral expression of Spaw, the status of
the machineries that blocks right-sided expression of Spaw was
examined. The majority (n=24/28) of olezh1 morphants showed
normal expression of Lefty in the midline structure. Other midline
markers such as Shh and brachyury were also expressed normally
(Fig. S4). Therefore, it is unlikely that the midline barrier is affected
upon olezh1 knockdown. Remarkably, however, half of the morphants
with intact expression of Lefty expressed Spaw on both sides (n=12/
24, Fig. 2D–F). Mutant mice lacking nodal cilia are known to express
Nodal in both LPMs, probably due to midline defects, but cilia were
present in olezh1morphants and protruded normally in the Kupffer's
vesicle (KV), a spherical organ which is equivalent to the mammalian
node (Fig. S5, Murcia et al., 2000). Another Nodal antagonist, charon, a
ﬁsh homolog of Cerl-2, was unaffected, at least at the transcription
level (Fig. 2G, H). These results imply that OLEZH1 functions
independently of these machineries.
OLEZH1 represses Spaw after determination of the LR axis by ciliary ﬂow
We performed a surgical procedure to gain further insight into the
mode of action of OLEZH1 in LR patterning. Artiﬁcial disturbance of
the ciliary ﬂow resulted in abnormality in the establishment of the LR
axis (Nonaka et al., 2002; Essner et al., 2005). In medaka, mechanical
ablation of the KV before onset of Spaw expression results in loss or
narrow posterior restriction of Spaw expression (Hojo et al., 2007).
Ciliary ﬂow occurs inside the KV and may be disturbed by ablation,
with subsequent elimination or weakening of the LR polarity required
to activate Spaw in the left LPM. Consistent with the above results,
expression of Spaw was absent (48%, Fig. 3B) or limited (35%, Fig. 3C)
in the surgically treated wild type embryos (n=46), with the
randomized expression of Spaw probably reﬂecting the loss of LR
polarity generated by ciliary ﬂow. Broad expression of Spaw, including
right or bilateral expression, was detectable only in 17% of the
embryos. These data imply that Spaw expression was not switched onin the left LPM, as in the right LPM of untreated wild type embryos.
Similarly to the untreated morphants, 59% of KV-ablated olezh1
morphants exhibited bilateral expression of Spaw with anterior
extension identical to that of wild type embryos (n=22, Fig. 3D, E).
In these morphants, Spaw expression was switched on in the LPM
without being activated by ciliary ﬂow. In the untreated olezh1
morphants, Spaw was expressed in the right LPM, where Spaw is not
usually induced (Fig. 2B, C). These results suggest that OLEZH1
inhibits the misexpression of Spaw in the LPM in which Spaw is not
activated by ciliary ﬂow (Fig. 3F). Thus, OLEZH1may serve tomaintain
the silenced state of Spaw once this is determined by leftward ciliary
ﬂow.
FoxH1 physically interacts with Ezh1
In mice, LR asymmetric expression of Nodal is governed by the
transcription factor FoxH1. Similarly, FoxH1 is expressed in the LPM
and thought to modulate Nodal signaling in zebraﬁsh (Pogoda et al.,
2000). olezh1 was ubiquitously expressed, including on both sides of
the LPM, at the 6 somite stage (Fig. S6). Therefore, it seems reason-
able to hypothesize that OLEZH1 interacts with FoxH1 to regulate
Spaw expression. We sought to prove this possibility by in vitro
experiments in mouse cultured cells. Physical interaction between
FLAG-tagged mouse Ezh1 and myc-tagged FoxH1 was tested by
coimmunoprecipitation (CoIP). Myc-FoxH1 precipitated together
with FLAG-Ezh1 (Fig. 4, left panel), showing that Ezh1 physically
associates with FoxH1. Myc-FoxH1 was not recovered in precipitates
in the absence of FLAG-Ezh1, indicating the speciﬁcity of the exper-
iment (Fig. 4, right panel).
OLEZH1 functions cooperatively with OLEED, but not with OLEZH2, in
the LR patterning
In terms of epigenetics, the cooperativity of Ezh1 with other PRC2
members, such as Ezh2 and Eed, is an important issue. Evolutionary
features of E(z)-related proteins suggest the functional differentiation
Fig. 3. Spaw is derepressed in olezh1 morphants in the absence of ciliary ﬂow. (A) KV
ablation. Open arrowheads indicate the KV before (middle panel) and after (right
panel) the operation. (B–D) Expression of Spaw in surgically treated embryos.
Arrowheads and vertical lines indicate Spaw expression around the KV and LPM,
respectively. (E) Ratio of each expression pattern of Spaw in the treated embryos.
Frequency of broad and bilateral expression of Spaw in olezh1 morphants was
signiﬁcantly higher than that in wildtype embryos (Pb0.0001, Fisher's exact test). A,
absent; L, left; B, bilateral; R, right. (F) A model for the role of OLEZH1 in LR patterning.
Fig. 4. Ezh1 physically interacts with FoxH1. FLAG-Ezh1 and myc-FoxH1 were
transiently expressed in NIH3T3 cells and immunoprecipitated with anti-FLAG
monoclonal antibody or mouse IgG (negative control). Nuclear extracts (equivalent
to 10% of the CoIP sample) were loaded in input lanes.
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involved in LR patterning of medaka. Our previous studies have
shown that knockdown of olezh2, as well as that of olezh1 and oleed,
results in cyclopia (Shindo et al., 2004, 2005). Based on the severity of
cyclopic defects, we divided the olezh2 and olezh1morphants into two
classes in order to exclude, in subsequent analysis, the indirect effects
by robust gene knockdown. The class I referred tomorphants of which
eyes are normal or positioned near the midline. Ten percent of them
failed to form internal organs, making it impossible to determine their
laterality. In other class I morphants, the LR reversal of organs was
hardly detected (2%, n=86) (Fig. 5A). Frequency of LR reversal in
class I olezh1 morphants was signiﬁcantly higher than that in class I
olezh2 morphants (27%, Pb0.0001, chi-square test), whereas the
extent of incomplete organ formation was not substantially different
(5%, n=79) (Fig. 5A). These results indicate that OLEZH2, at least
predominantly, does not participate in LR patterning. The class II
morphants are those with fused-eyes and various severe defects all
over the body. These features were supposed to inﬂuence the LR
patterning indirectly, and more frequent LR reversal was indeedobserved in olezh1 morphants (20%, n=50) than olezh2 morphants
(10%, n=68), the difference, however, being insigniﬁcant (Fig. 5A,
PN0.1).
Recently, we have shown that knockdown of oleed results in
signiﬁcant positional LR reversal of organs, and that the abnormal
ciliogenesis in the KV is the main cause of this reversal (Arai et al.,
2009). This situation makes it difﬁcult to argue the relationship
between oleed and olezh1, since, in some cases, both OLEED and
OLEZH1 constitute PRC2 complex. To solve this issue, we performed
simultaneous knockdown of oleed and olezh1with Spaw expression as
an assay criterion. First, knockdown of olezh1 alone resulted mainly in
bilateral expression of Spaw in the LPM. By contrast, knockdown of
oleed caused, in random, left-sided, right-sided, absent, or bilateral
expression of Spaw, as observed previously (Arai et al., 2009). Then,
we reduced the amount of eachMO to the level that only slightly leads
to abnormal pattern of Spaw expression (for olezh1, 0/20; for oleed, 2/
20) (Fig. 5B). Under these conditions, no bilateral expression of Spaw
was observed (Fig. 5B). The co-injection of both MOs at these doses,
however, resulted in the bilateral Spaw expression in 20% of the
morphants (n=41, Fig. 5B). The frequency of bilateral expression of
Spaw in the co-injected morphants was signiﬁcantly higher than that
in singly-injected morphants (Pb0.05, Fisher's exact test). No
appreciable cases of right-sided or absent expression of Spaw were
noted by co-injection (3% and 5%, Fig. 5B). These results suggest the
genetic interaction between olezh1 and oleed in LR patterning,
possibly through the repression of Spaw. In view of the evidence
that OLEZH1 is not required for proper ciliogenesis (Fig. S5), OLEED
might participate in LR patterning through two independent path-
ways, one being through cilia formation and the other by cooperative
regulation of Spaw with OLEZH1. Taken altogether, the data from co-
injection experiment raise the possibility that PRC2 containing
OLEZH1, but not OLEZH2, negatively regulates the expression of Spaw.
In summary, we demonstrated several novel aspects of Ezh1. Ezh1
is highly conserved from teleosts to human, which suggests the
functional signiﬁcance of this gene in vertebrates. We showed the
involvement of olezh1 in LR patterning in medaka by genetic
knockdown experiments. This LR decision is achieved through
silencing of the left-side marker Spaw in the right LPM, where Spaw
is not activated by ciliary ﬂow. We further showed that Ezh1 interacts
with FoxH1, which directly regulates the expression of Nodal as a key
transcription factor in LR patterning. At the present stage, it is not
clear how OLEZH1 represses the expression of Spaw. One attractive
model may be that OLEZH1 is recruited by FoxH1 to a regulatory
region of Spaw and acts to maintain its silenced state directly in the
right LPM. It is also plausible that OLEZH1 physically inhibits the
binding of FoxH1 to Spaw locus. The possibility may not be ruled out
that OLEZH1 indirectly regulates Spaw irrespective of the interaction
with FoxH1. Finally, we demonstrated that OLEZH1 and OLEED
genetically interact in LR patterning, whereas OLEZH2 is not involved
in this event. This result supports the hypothesis that Ezh1-containing
PRC2 plays a role independent of Ezh2-containing PRC2. Variation of
the catalytic unit of PRC2 probably contributes to its complex function
in embryonic development.
Fig. 5. Participation of OLEED, but not OLEZH2, in LR patterning. (A) Frequency of LR
reversal of the internal organs. Cases in which the internal organs were undetectable
are categorized as “None”. (B) Ratio of the respective expression pattern of Spaw in
singly injected (left and middle bar) or co-injected (right bar) morphants.
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